A single-channel, ground-penetrating radar (GPR) profile portrays a distorted, unfocused image of subsurface structure due to apparent position shifts associated with dipping reflectors and to diffractions from corners and edges. A focused image may be produced from such data by using any of the migration algorithms previously developed for seismic data; we use reverse-time migration based on the scalar wave equation. Field work was performed over a simple stratigraphic soil sequence and a complicated fluvial environment. In the migrated images, reflector continuity is enhanced and the level of detail available for highresolution interpretation is significantly increased.
INTRODUCTION
Analysis of the theory of electromagnetic and elastic body wave propagation reveals a number of similarities ( Szaraniec, 1976 Szaraniec, , 1979 Ursin, 1983; Lee et al., 1987; Zhdanov, 1988) . By comparing the differential equations, identifications of operators and variables that play corresponding roles can be made. Both radar and acoustic pulses propagate with finite velocities that depend on the material properties and each are reflected and diffracted by local changes in the medium. The dynamic behaviors are different (with regard to amplitude attenuation and dispersion), but the kinematic behaviors (such as pulse propagation times) are the same. This is a consequence of the fact that displacement currents dominate conductive currents at frequencies where GPR is effective. Under these conditions, an electromagnetic pulse propagates with virtually no dispersion and has a velocity controlled by the dielectric properties of the material alone. At low frequencies or in high conductivity environments where conduction currents dominate, GPR is no longer an appropriate method; electromagnetic fields diffuse into the ground, and we enter the domain of electromagnetic induction methods. The seismic analogy is no longer appropriate and the depth imaging methods of transient EM (Macnae and Lamontagne, 1987; Eaton and Hohmann, 1989) are the GPR equivalent.
The kinematic similarities between radar and seismic wave propagation may be exploited in data processing. Many techniques that have been extensively developed for processing of seismic data can, and have been, directly applied to radar data when recorded with the same survey configurations. The main change required is a resealing, which may be simply implemented by changing input parameters, rather than the data.
It has long been recognized that a raw radar or seismic reflection time section, consisting of traces with a constant source-receiver antenna separation (or "constant-offset"), presents a distorted, unfocused image of the subsurface structure (Stern, 1929; Barringer, 1965; Harrison, 1970) . The purpose of migration is to take a reflection profile (a function of survey position and time) and to produce a focused image of reflectivity correctly positioned in space. Previous attempts using migration for radar data generally operated on time picks from a single reflector (Harrison, 1970; Jezek et al., 1985; Fisher et al., 1989) . Recent examples include imaging of satellite-based synthetic aperture radar data (Rocca et al., 1989 ) and of ground-penetrating radar profiles (Hogan, 1988) .
There are a number of algorithms available for migration of radar reflection profile data, but few have actually been used. Hogan (1988) uses Kirchhoff diffraction migration for ground-penetrating radar data; this is an integral formulation that has the advantage of being directly applicable to data for all source-receiver antenna separations, but is difficult to implement efficiently when the propagation velocity varies in space. Other algorithms that may be borrowed from reflection seismology include all those based on scalar wave propagation. A good summary of these techniques may be found in Gardner (1985) and Yilmaz (1987). The purpose of this paper is to present some examples of spatial imaging of radar reflectivity using reverse-time migration. This approach has been widely applied in the seismic context (McMechan, 1989) and has the advantage of easily incorporating arbitrary velocity variations and steeply dipping structure. We will consider only constant-offset data. The geological settings selected are nearly ideal for GPR data acquisition for the purpose of demonstrating the application of reverse-time migration.
THEORY

Data acquisition and preprocessing
Acquisition of a single-channel, constant-offset radar reflection profile involves fixing the separation between the source and receiver antennas and recording one trace at each of a number of equally spaced positions along the survey line. The trace is usually associated with the location midway between the antennas.
Reverse-time migration assumes that the source and receiver antennas are coincident (i.e., "zero-offset" in seismic jargon, or "monostatic" in GPR jargon). Bistatic data collected using a finite antenna offset (s) may be corrected by a time-and offset-dependent shift to smaller times to approximate the corresponding monostatic data before processing ( Preprocessing of the data also includes removal of the characteristic low-frequency background from the data so it has approximately zero mean, and application of a timedependent exponential amplitude gain that compensates empirically for amplitude attenuation with depth. The latter clearly distorts amplitudes but allows small reflections associated with deep structure to become visible. This supports the main objective of migration, which is to determine the shape and location of the reflectors and diffractors that are present at depth. In addition, a smooth taper is applied to both the spatial and temporal edges of the data before migration to reduce artifacts related to the finite data aperture (cf. Chang and McMechan, 1989). A second approach to velocity estimation is tomographic imaging based on transmission times. This has been done most often, in both radar and seismic contexts, with data from cross-well surveys (Olhoeft, 1988; . This is another example of the same processing being applied to both data types as a result of their kinematic similarities.
The standard approach to in-situ velocity estimation, for both seismic ( Borehole log data were available near the survey line; the prominent reflection near 12 ns was found to correlate with an interface between a thinly bedded sand underlain by a very fine grained (clay-sized) soil. The velocity (Figure 4a ) of the sand above the reflector was constrained by its known depth in the borehole and both velocities were independently confirmed (D. Redman, personal communication) by direct measurements of dielectric constants of the drill cores. It is desirable, but not necessary to have a priori velocity information since reliable estimates are directly obtainable from the data, as described above. Figure 4b shows the migrated image produced by reversetime migration of the preprocessed data in Figure 2b It is not easy to appreciate many of the details and differences between the input and migrated data in Figure 5 as only every thirtieth trace is plotted, and the amplitude scaling in plotting was chosen to show only the main structural features. To allow more detailed comparisons and evaluations, we have extracted three portions of the plots in Figure 5 , and redisplayed them in expanded form in Figures  6, 7, and 8 . 
DISCUSSION AND SYNOPSIS
The case history data above were acquired in geological settings suitable for GPR sounding. They were selected as being nearly ideal for the purpose of demonstrating the applicability of reverse-time migration to GPR data.
Use of the scalar wave equation requires only that a wave be propagated and that a spatially dependent propagation velocity can be defined. It has no assumption about the physical interpretation or origin of the scalar wave. Elastic (multicomponent) seismic migration algorithms (cf. Sun and McMechan, 1986; Teng and Dai, 1989) are not directly applicable to processing of radar data as they are tied too closely to the dynamics of the seismic context (they explicitly incorporate the coupling of compressional and shear waves during propagation and involve a vector rather than a scalar wave equation). Electromagnetic waves are also vector waves, but at that level, the radar/seismic correspondences are less easy to exploit because the dynamic (amplitude) behaviors are not similar.
In the presentation of the algorithm above, we emphasized the similarities between the kinematic properties of radar and seismic data as justification for applying migration to GPR data. Migration, however, is expensive, and the potential benefits are data-dependent so caution is recommended. In the example in Figures 2 and 4 , no significant improvement is obtained; a simple time-to-depth conversion using a constant velocity would have been sufficient. On the other hand, where reflectors dip steeply (and hence reflector positions are unreliable in the raw data), or where the structure changes suihciently sharply so that visible diffractions are produced, or where velocity changes spatially, migration can produce significant improvements (Figures 6, 7, and 8) . The main criterion in deciding to migrate is whether the resulting increase in accuracy and resolution is required to obtain the level of detail desired for subsequent interpretation.
Migration of radar data is applicable only when the data satisfy the same assumptions that are inherent in migration of seismic reflection data. These are that the kinematic aspects of wave propagation (reflection, diffraction, refraction, and energy transport along raypaths) satisfy the laws of geometrical optics and that propagation is linear and nondispersive. Fortunately, these conditions are met by radar data when electrical conductivity is low (<lo mS/m) and obser- trace is plotted.
In the 2-D implementation described above, 3-D effects such as reflections originating off the survey line cannot be migrated correctly. Further, only primary reflections and diffractions are imaged by the time zero imaging condition; multiple internal or free-surface reflections are not correctly handled, nor are evanescent waves.
It is salient at this point to ask what other seismic processing may be applied to GPR data. Clearly the kinematic similarities extend at least as far as processing of multiple-offset data (the standard seismic acquisition format) and to the 3-D equivalent of the algorithm used here. Both of these are currently being pursued.
It is demonstrated that single-channel GPR data can be migrated using existing seismic software for reverse-time migration, and that the results provide distinct advantages 
